Efficient generation of catalytic antibodies is uniquely dependent on the exact nature of the binding interactions in the antigen-antibody complex. Current methods for generation of monoclonal antibodies do not efficiently survey the immunological repertoire and, therefore, they limit the number of catalysts that can be obtained. We are exploring methods to clone and express the immunological repertoire in Escherichia coli. As the essential first step, we present here a method for the establishment of a highly diverse heavy chain variable region library. Consequently, it should now be possible to express and recombine the heavy and light chain variable region fragments to generate a large array of functional combining portions of the antibody molecule. This technology may provide an alternative to the hybridoma methodology for accessing the monoclonal antibody specificity of the immune system.
During the last decade we have greatly increased our ability to harness the output of the vast immunological repertoire. This has led to the production of monoclonal, site-directed, and catalytic antibodies (for review, see refs. 1 and 2). Of these, the possibility of detecting catalytic antibodies is directly proportional to the number of individual antibody clones examined since, for catalysis, the topography of the antibody binding site is at least as important as the ligand binding affinity. For example, those reactions that require acid/base catalysis depend on the proximity of certain amino acid side chains to facilitate the changes in chemical bonding that occur in the transition state.
Unfortunately, current methods for generation of antibodies with monoclonal specificities are not capable of efficiently surveying the induced antibody response to a given antigen. In an individual animal there are at least 5-10,000 different B-cell clones capable of generating unique antibodies to a small relatively rigid antigen such as dinitrophenol (3) (4) (5) . Further, because of the process of somatic mutation during the generation of antibody diversity, one generates essentially an unlimited number of unique antibodies. In contrast to this vast potential, in most experiments where monoclonal antibodies are presently generated, the relative inefficiency of the process usually leads to the production of only a few hundred different antibodies.
Theoretically, one could clone and express all the antibodies from the mRNA of a primed spleen if it were not for the fact that the immunoglobulin molecules are constructed from two chains encoded by separate genes. However, from the x-ray crystallographic structures of antibodies ( Fig. 1) , it is apparent that an appreciable amount of the binding energy comes from the heavy chain alone. This is consistent with the fact that many antibodies with quite different specificities use similar light chains. Furthermore, whereas isolated light chains exhibit little antigen affinity (9) (10) (11) (12) (13) , heavy chains retain antigen binding affinities within two orders of magnitude of intact immunoglobulins (14) (15) (16) (17) . This loss of affinity can be somewhat restored by recombining heavy chains with nonspecific light chains (17) (18) (19) (20) (21) (22) . These facts led us to speculate that the combination of all of the heavy chains from an immune response with only a few light chains should generate large numbers of functional antibodies. Moreover, losses in binding affinity from the use of the "inappropriate" light chain would be more than compensated by the increase in the number of antibody clones generated, thereby improving the probability of detecting catalytic species.
Initially, we concentrated on the cloning and expression of the variable region (Fig. 2) of the heavy chain (VH) such that ultimately multiple VH fragments in combination with a few light chains could be screened for binding and catalytic activity. To accomplish this, DNA fragments had to be generated with restriction sites incorporated at each end so that the fragments could be inserted into an expression vector in a predetermined orientation and reading frame. The feasibility of cloning VH fragments from the RNA of hybridoma cells by polymerase chain reaction (PCR) amplification with primers that introduce restriction sites has been demonstrated (23) . However, unlike the heavy chain mRNA from hybridoma cells, mRNA from spleen is quite diverse and, therefore, presents another set of problems for the PCR method. We report here solutions to this problem and present methodology for amplification and cloning of a diverse population of VH regions from mouse spleen mRNA. Although both heavy and light chains contribute to the formation of the combining site, the heavy chain alone provides surface topography for steric complementarity and the potential surface for electrostatic complementarity of the dipolar phosphorylcholine. Thus, the combination of the heavy chain with any light chain that allows formation of the combining site without creating unfavorable steric or electrostatic interactions should preserve a significant portion of the antibody specificity. Coordinates are from David Davies and coworkers (7) and the electrostatic surfaces were calculated and are displayed as described (8) . The computer graphic rendering is by John Tainer (RISC).
METHODS
370C. PCR amplification was performed in a 100-pl reaction mixture containing the products of the reverse transcription reaction (-5 1g ofthe cDNA-RNA hybrid), 300 nmol of3' VH primer (primer 12, Table 1 ), and one of the 5' VH primers (primers 1-10, Table 1 ), a mixture of dNTPs at 200 mM, 50 mM KCl, 10 mM Tris-HCI (pH 8.3), 15 mM MgCl2, 0.1% gelatin, and 2 units of Thermus aquaticus DNA polymerase. The reaction mixture was overlaid -with mineral oil and subjected to 40 cycles of amplification. Each amplification cycle involved denaturation at 92°C for 1 min, annealing at 52°C for 2 min, and elongation at 72°C for 1.5 min. The amplified samples were extracted twice with phenol/CHC13 and once with CHC13, ethanol-precipitated, and stored at -70°C in 10 mM Tris'HCl, pH 7.5/1 mM EDTA.
In preparation for cloning a library enriched in VH sequences, PCR-amplified products [2.5 ug/30 ,ul of buffer containing 150 mM NaCl, 8 mM Tris HCI (pH 7.5), 6 mM MgSO4, 1 mM dithiothreitol, and bovine serum albumin (200 t.g/ml)] were digested at 37°C with Xho I (125 units, Stratagene) and EcoRI (10 units, Stratagene) and purified on a 1% agarose gel. In cloning experiments that required a mixture of the products of the amplification reactions, equal volumes (50 ,ul, unknown concentration) of each reaction mixture were combined after amplification but before digestion. product was subsequently purified by phenol/CHCl3 extraction and ethanol-precipitation, and resuspended at 1 pg/,lg in 10 mM Tris HCl, pH 7.5/1 mM EDTA. After gel electrophoresis of the digested PCR-amplified spleen mRNA, the region ofthe gel containing DNA fragments of350 base pairs (bp) was excised, electroeluted into a dialysis membrane, ethanolprecipitated, and resuspended in 10 mM Tris HCl, pH 7.5/1 mM EDTA to a final concentration of 10 ng/pI. Equimolar amounts of the insert were then ligated overnight at 5°C to a A ZAP vector (26) digested with EcoRI and Xho I (Stratagene). A portion of the ligation mixture (1 ,l) was packaged for 2 hr at room temperature using Gigapack Gold packaging extract (Stratagene), and the packaged material was plated on XL1-Blue host cells. The library was determined to consist of 9 x 105 plaque-forming units with <3% nonrecombinant background.
Excision and Sequencing of Plasmids from the A ZAP VH Library. For analysis of the A phage clones, plasmids were excised from selected clones (26) . Phage plaques were cored from agar plates and transferred to sterile microcentrifuge tubes containing 500 ,ul of SM buffer (0.1 M NaCl/5 mM Tris Cl, pH 7.5/0.01% gelatin/10 mM MgSO4) and 20 ,ul The excised plasmids were plated on XL1-blue cells (26) and for analysis of the phagemid-containing colonies, doublestranded DNA was prepared according to the method of Holmes and Quigley (27) . Clones were first screened for DNA inserts by digestion with either Pvu I or Bgl I and clones containing the putative VH insert were sequenced by Sanger's method (28) Table 1 ) was designed to be complementary to the mRNA in the joining (J) regions. In all cases, the 5' primers (primers 1-10, Table 1 ) were chosen to be complementary to the first-strand cDNA in the conserved N terminus region (antisense strand). Initially amplification was performed with a mixture of 32 primers (primer 1, Table 1 ) that were degenerate at five positions. Hybridoma mRNA could be amplified with mixed primers, but amplification of mRNA from spleen yielded variable results (data not shown). Therefore, several alternatives to amplification using the mixed 5' primers were compared.
The first alternative was to construct multiple unique primers, eight of which are shown in Table 1 , corresponding to individual members of the mixed primer pool. The individual primers (primers 2-9) were constructed by incorporating either of the two possible nucleotides at three of the five degenerate positions. These substitutions were made at the 3' end of the primers. Primers that would have resulted from substitutions at the remaining degenerate positions have not yet been tested.
The second alternative was to construct a primer containing inosine (primer 10, Table 1 ) at four of the variable positions (29) . This primer has the advantage that it is not degenerate and at the same time minimizes the negative effects of mismatches at the unconserved positions (30) . However, we did not know if the presence of inosine nucleotides would result in incorporation of unwanted sequences in the cloned VH regions. Therefore, inosine was not included at the one position that remains in the amplified fragments after the cleavage of the restriction sites. As a result, none of the inosine remained in the cloned insert.
As a control for amplification from spleen or hybridoma mRNA, a set of primers hybridizing to the constant region of the IgG1 heavy chain gene was constructed for PCR of these more conserved regions. The 5' primer (primer 11, Table 1 ) is complementary to the cDNA in the heavy chain constant region 2 (CH2) whereas the 3' primer (primer 13 Using unique 5' primers (primers 2-9, Table 1 ), efficient amplification of the spleen mRNA was achieved as shown in Fig. 3 , lanes R17-R24. The amplified cDNA is seen as a major band of the expected size (360 bp). The intensities of the amplified fragment in each reaction appear to be similar, indicating that all of these primers are about equally efficient in initiating amplification. The yield and quality of the amplification with these primers was reproducible.
The primer containing inosine also amplified spleen mRNA reproducibly, leading to the production of the expected-sized fragment of an intensity similar to that of the other amplified cDNAs (Fig. 3, lane R16 ). This result indicated that the presence of inosine also permits efficient amplification. Amplification products obtained with the constant region primers (primers 11 and 13, Table 1 ) were more intense indicating that amplification was more efficient, possibly because of a higher degree of homology between the template and primers (Fig. 3,  lane R9 ). Based on these results, a library was constructed Table 1 ) and the 3' primer (primer 12, Table 1 ), R16 represents the PCR with the 5' primer containing inosine (primer 10, Table 1 ) and 3' primer (primer 12, Table 1 ). Z and R9 are the amplification controls. Control Z involves the amplification of VH from a plasmid (PLR2) and R9 represents the amplification from the constant regions of spleen mRNA using primers 11 and 13 (Table 1) .
from the products ofeight amplifications, each performed with a different 5' primer. Equal portions ofthe products from each reaction were mixed and the mixed product was then used for cloning to generate a heavy chain-specific library.
Characterization of the Library. The amplified products that had been digested with Xho I and EcoRI and cloned into A ZAP, resulted in a cDNA library with 9.0 x 105 plaque-forming units. To confirm that the library consisted of a diverse population of VH clones, 18 clones, selected at random from Subclass I (A) the library, were excised and sequenced (Fig. 4) . To determine if the clones were of VH origin, the cloned sequences were compared with known VH sequences and light chain variable region (VL) sequences. The clones exhibited from 80 to 90%o homology with sequences of known heavy chain origin and little homology with sequences of light chain origin (31) . This demonstrated that the library was enriched for the desired VH sequences in preference to other sequences, such as light chain sequences.
The diversity of the population was assessed by classifying the sequenced clones into predefined subgroups (Fig. 4) . Mouse VH sequences are classified into 11 subgroups [I (A, B), II (A, B, C), III (A, B, C, D), and V (A, B) ] based on framework amino acid sequences (31) (32) (33) . Classification of the sequenced clones demonstrated that our cDNA library contained VH sequences of at least 7 subgroups. Further, a pairwise comparison ofthe homology between the sequenced clones showed that no two sequences were identical at all positions, suggesting that the population is diverse to the extent that it is possible to characterize by sequence analysis.
Six of the clones (L36-50, Fig. 4 ) belong to the subclass III(B) and have very similar nucleotide sequences. This may reflect a preponderance of mRNA derived from one or several related variable genes in stimulated spleen, but our data do not permit us to rule out the possibility of a bias in the amplification process. DISCUSSION In the work presented here we have cloned a highly diverse VH library from immunized spleen. This is the essential first step toward expression of the immunological repertoire in E. coli. Production of functional antibodies ultimately depends on secretion and assembly of intact immunoglobulin fragments. Our understanding of the structure of the immunoglobulin molecule as well as previous immunochemical experiments suggest that the assembly of the secreted immunoglobulin chains may not be difficult (6, (14) (15) (16) (17) . Ultimately the problem reduces to the extent to which the VH binding energy can be complemented by light chains that were not selected during induction of an immune response.
We have used the PCR method for enriching VH sequences. This method has been used to clone VH sequences from hybridomas (23) but not from spleen. Because of the desirability of cloning a diverse population of VH sequences, we explored three alternative methods of priming PCR amplification systems. Initially, a mixture of 32 primers was chosen because these were expected to be inclusive of the known VH subclass sequences. However, although they reliably amplify hybridoma mRNA, they yielded variable results for spleen mRNA as judged by the amount of amplified products. Since a large mixture of primers was not effective, the reaction was carried out with individual primers, and then the products were pooled. The rationale was that unique primers would be more efficient than mixed primers in sustaining amplification because there is a higher effective primer concentration at each cycle. In fact, PCR amplification with unique primers did yield consistent results for the eight primers constructed, and all 32 primers could easily be used if more diversity is needed. To determine the diversity generated, a library was constructed from the reactions initiated with the pooled DNA products of the eight primers. Sequence analysis of clones chosen at random from this library demonstrated that all of the clones were of VH origin and represented multiple subclasses. The diversity of the VH library bodes well for our ability to generate catalytic antibodies by this method. Although this library may yield the most diverse VH repertoire, it may not best reflect the stimulated antibody pool. In fact, it may be advantageous to increase the representation of the less abundant sequences.
